Background: Evaluation of morphological and size changes related to various patho- (Folia Morphol 2015; 74, 4: 414-420) 
INTRODUCTION
Corpus callosum (CC), the largest interhemispheric connection of human brain, contains commissural, perforating and decussating fibres [14, 21] . In addition to exclusively diagnostic and neuropathological purposes, the morphological studies of the CC could obtain additional data about human brain functioning and disorders [24] . Before the introduction of magnetic resonance imaging (MRI) autopsy studies of the CC [9, 17, 19, 20, 28] as well as all subsequent imaging studies on living persons resulted only in the general conclusion [4, 10] that the CC is very variable in its form and size. After the introduction of MRI, increased number of studies did not finally resolved the problem of relationships of the CC morphology to sex, handedness and age. Generally, in MRI studies there are obvious lack of standards and vast diversity of methods applied for quantifying the size and for defining the shape of the CC and its subdivisions. For discussion and overview of conflicting results, as well as for exhaustive reviews of errors and numerous causes of potential false conclusions see several papers [1, 3, 10, 12, 18, 28] . In short, there are three main areas of important methodological problems: 1) sampling and subject material, 2) measurement procedure, and 3) appropriateness of using absolute or relative values [6] .
In the studies of the CC size and morphology, including measurements of midsagittal surface area, were used: straight-line method (genu-splenial line, intercommissural line and Chamberalin's line) [6] , curved-line method, bent line method (centre of gravity, medium line from the rostrum to splenium) [4] , and radial gravity method [3] . These methods included different subdivisions of the CC, like subdivision in 7 subareas using the length of the CC [28] or the intercommissural line [26] , division in 4 unequal subareas using intercommissural line [15] , and the indexes, like slenderness index [4] or callosal ratio [26] .
In addition to the size measurements, the CC shape was studied by spatial normalisation (based on an elastic wrapping of Tailarach atlas) as common reference system for intersubject comparisons [7] , by Jacobian determinant maps, showing the shape but not size differences between images (results depending on the template used) [8] , or by skeletal shape analysis [24] . The shape of the CC was quantified using elliptic Fourier analysis for a global evaluation of the shape independent of the size, spatial orientation, and relation to reference planes [10] .
These methodological controversies influenced the findings about sex differences of the CC. So, a dramatic sex differences in the shape of the CC were observed, but without conclusive evidence of sexual dimorphism [1] . In most of older women there was a slender and almost symmetrical CC [10] . Females tend to have a smaller CCA, with its larger posterior fraction, the more slender CCs, the more bulbous splenium [4] , larger splenium, and different pattern of age related changes [8] . We can add our previous finding of highly significant correlation between the CC area (CCA) and perimeter of the CC only in males [25] .
The aim of our study is to define potential morphological sex differences of the CC by the use of polar coordinate system. In available literature we did not find any of the studies which used this method. We have chosen this approach because it is based on the CC appearance as arching hippocampal formation around the upper part of the circumference of a circle, with temporal lobe curving further round with the developmental hippocampal rotation [11] . [29] .
MATERIALS AND METHODS

Investigated
Serial MR scans in sagittal, coronal and axial planes were obtained using Signa HDxt 3.0 T, (General Electric Healthcare, USA), T1W flair sequence, 3 mm thick slices, without applied contrast medium. Software used for image analysis was the AW Server2, (General Electric; USA), Versio AWS-2.0-5.0. Two neuroradiologists in all cases independently selected same midsagittal images as the most precise for this study.
For the study of the CC morphology we specifically defined polar coordinate system [5] . Polar axis was defined as the line passing through two points: the rostral point presented by the inferiormost point of the anterior part of the CC, and the caudal point presented by the inferiormost point of the splenium (Fig. 1) . Hemispheric tangent (A-A') is the distance along the polar axis between most anterior point of frontal lobe (A) and most posterior point of the occipital lobe (A'). The midpoint of A-A' along polar axis was defined as the pole (centre) of this system (point O) (Fig. 1 ). This system (total field of 180 o ) we divided the CC by radial coordinates B and G (at angles of 60 o and 120 o ) into three-equal segments (C1, C2, C3): C1 -angle AOB = 60 o , C2 -angle BOG = 60 o and C3 -angle GOA' = 60 o (Fig. 1) . Following steps were the measurements of: the lengths of the hemisphere (in mm), the total surface of the midsagittal CC section area (CCA in mm 2 ), its segments C1, C2, C3 and the thickness of the thinnest part of the CC (in mm). Finally, the position of the dorsal point (d) of the thinnest part of the CC (TCC) was defined as angular coordinate (a angle -AOd) in relation to polar axis.
Statistical analysis
Standard statistics included arithmetic means with maximal and minimal values, and standard deviations. Distribution of parameters was tested by Kolmogorov--Smirnov test for equality of variances. Significance of differences in obtained values in relation to age and to sex was tested by Student t-test for small samples (p < 5%).
RESULTS
Distribution of all parameters was found to be a normal distribution (p = 0.342) and there were not statistically significant differences in age between sexes by Student t-test (p = 0.605). Obtained values for 15 males (M) and 15 females (F) are shown in Table 1 .
Variability analysis of measured parameters in relation to gender
Significance of differences in relation to gender was tested using Student t-test for small samples (p < 0.05). Results of measurements and of statistics (t values) are shown in Table 2 . In Table 2 statistically significant differences (p > 0.05) between males and females (indicated by asterisks) were found for the CCA, C3 and for the TCC, being larger in males. All these parameters were significantly larger in males comparing with females ( Table 2) .
Analysis of Pearson's coefficient of linear correlation
Significant correlation, both in males and in females, was found between parameters CCA and C1, CC and C2, CCA and C3, as well as between C1 and C2, C2 and C3 segments. Also, both in females and males, significant correlation between C2 and TCC was found. Sex differences were in findings of only in males positive significant correlation between the TCC and a angle, and of only in females significant correlations between the CCA and TCC, between C1 and C3, and of significant negative correlation between a angle and A-A' (length of hemisphere). Pearson's coefficients of linear correlation in males and females are presented in Tables 3 and 4 .
DISCUSSION
In the available literature we did not find any study of the CC morphology using polar coordinate system. The use of the centre of gravity [4] , very similar to our method, showed larger posterior fraction of the CC, more slender CCs and more bulbous splenium in females. This seems opposite to our finding of a larger C3 segment in males, but exact definition of the splenium [12] is probably most complex problem in studies of the CC morphology. Age range in our sample, without old subjects, excluded possibility of significant age effect [12] , where most of the older women had a slender and almost symmetrical CC [10] , with the tendency of the splenium to expand with age [8] . The genu-splenial line, which we used as polar axis, represents the middle position between two extremes (intercommissural and Chamberalin's lines) of three orientation systems and in fact may prove to contain the fewest number of confounding variables [6] .
In studies of the CC sex dimorphism it is not always clear if the general concept of sex dimorphism includes only size differences, only shape differences or both of them. Also, the question of the size can be related to general differences in body and brain size [15] . Forebrain volume approximately 10% larger in men as compared with women had significant correlation with CCA [26] , which corresponds to our finding of significantly larger CCA, C3, and of TCC in males (Table 2 ). Our finding of significant correlations between the CCA and its segments (C1, C2, C3) in both sexes suggests to adequate subdivision of the CC in polar coordinate system we used. Our previous finding of insignificantly larger CCA in females on autopsy material [25] can be related to better discrimination of tissues on dissection, and to the different involvement of the medial longitudinal striae, more variable than the lateral ones, with individual features which make the supracallosal pattern variable [22] . A-A' -length of hemisphere along the polar coordinate (in mm); CCA -surface area of total midsagittal section of the corpus callosum and of its segments (C1 -anterior segment, C2 -middle, C3 -posterior segment); TCC -thickness of the thinnest part of the CC; a angle -angular coordinate of the dorsal point (d) of thinnest part of the CC in polar coordinate system; M -males; F -females However, the average CCA was significantly larger in females after controlling for brain size and age, especially in the young adults [2] , as well as the adjusted size of the CC for forebrain volume, without effect of handedness [26] . The question of shape without defined quantitative parameters is difficult to completely resolve because of potential presence of the combination of size and shape differences. The shape eludes morphometrists, because they often apply inadequate methods. Conventional metric approach allows only for the assessment of local modifications and does not take the whole structure of the organs into account [10] . Our findings of negative correlation between alpha angle and the length of hemisphere (A-A') only in females, as well as of significant positive correlation between C1 and C3, and between the CCA and TCC also only in females, correspond to observed greater slenderness and a smaller ideal CC thickness in females [4] . Significant correlation between C2 and TCC we found only in males can be related to our previous finding of highly significant correlation between CC perimeter and CCA only in males, suggesting to a greater irregularity of the CC contour in males, what is a kind of sex dimorphism [25] .
The often investigated region called the isthmus of the CC, larger in male right-handers [28] , unfortunately was not identically defined in all studies. In subdivision of the CC identical as by Witelson [28] , but using the line parallel to intercommissural line, subdivision A6 named isthmus segment, was proportionally larger in women [7, 26] . However, in division of the CC in 4 unequal subareas using same line, third one was called isthmus [15] . Only the female isthmus was the exception, being not different in size, while in all cases using 3 different methods mentioned above differences between the CC subareas were significant [6] . The CC subdivisions, including isthmus are arbitrary, while any partitioning method should be based on an anatomical rationale. Anatomy, including the development, directions and structure of callosal fibres, vascular bed and glia, must be fundamental in considering functional significance of the CC. Using the method of Witelson [28] , among 5 different Table 1 vertical partitions of the CC distinguished by diffusion tensor tractography [27] , the lowest anisotropy was found in regions III (fibres to the primary motor cortex) and IV (the posterior one-third minus posterior one-fourth of the CC) [13] . These regions are related to the isthmus or to the TCC in our study. In subdivision of the CC into 3 segments, higher anisotropy in males than in females was in posterior third than in the genu region, reflecting not only differences in the CC size, but also in its macro-and microstructure and in water diffusion [27] . Interesting are our findings of significantly larger TCC in males, and of significant correlation between the CCA and TCC only in females. By autopsy studies the TCC was determined as 4.49 mm (2.5-7 mm) [17] , or 0.46 cm [19] , what can be more precise from our current MRI findings (males 4.33 mm; females 3.66 mm), because of better anatomical resolution of the CC boundaries than MRI. We recommend the use of the TCC [17] as a simply and clearly defined [19] parameter which best represents the total size of the CC and should be considered as a more precise parameter than insufficiently defined isthmus. It is in relatively constant position in different individuals and databases, in region anterior of the splenium (see Fig. 6 in [12] ). Variable fornix attachments to the CC (if present) located mainly (77%) in the third quarter of callosal length and in 19% in its fourth quarter [17] , as like as involvement and size of the longitudinal striae and pericallosal vessels [12, 20] can bias the results in applied methodology. Therefore the templates, as used in Jacobian determinant maps showing the shape differences, with variations of results depending on the template used [7, 8] , are not accurate because they do not consider individual anatomy of the CC.
Our method, using polar coordinate system, better corresponds to the anatomy of the CC, which backwards growth reflects the sequence of the CC development [16] is related to the caudal growth of the cerebral hemispheres [23] . It is also coincident with temporal lobe curving further round with the hippocampal rotation [11] . Combined with our previous studies of the CC, our results point to the use of proposed parameters and the necessity of careful consideration of obtained results in relation to individual anatomy of the CC.
CONCLUSIONS
We concluded that the use of polar coordinate system appropriately reflects the anatomical and encephalometric characteristics of human CC.
